Photoelectron spectra of Na; , Cu; , Ag; , and Au; clusters reveal the electronic structure of these particles. The experimental results are compared to the predictions of quantum chemical calculations and of the shell model. The spectra of Ag; allow for a stringent test of both approaches, because most of the observed features are assigned to s-derived orbitals and they also display much sharper features than the alkali data. A qualitative equivalence of the electronic shell model with high-level quantum chemical calculations in terms of the symmetries of the involved single particle orbitals is found for the delocalized states derived from the atomic s-electrons.
Introduction
Photoelectron spectroscopy has proven to be the proper tool to reveal the electronic structure of atoms and molecules. The problem of mass separation preventing the application of this technique to neutral clusters has been solved by the development of the photoelectron spectroscopy of negatively charged clusters (anions) [ l-51. We applied this technique to the study of clusters of anions of simple metals with n = 2-20 atoms, and have obtained spectra of Na; , Cu; , A&, and Au; clusters with an energy resolution sufficient to reveal details of the electronic structure.
The theoretical description of the electronic structure of these clusters is based upon two seemingly different models. Several experimentally determined properties of clusters of simple metals such as the alkali metals and the coinage metals (Cu, Ag, Au) can be qualitatively described by the electronic shell model [ 6 1. The electrons are assumed to be delocalized completely within the cluster boundaries. Accordingly the electrons occupy electronic shells with a well-defined angular momentum. In this model the addition of one atom to the cluster corresponds to the addition of one more electron into the total potential well. The simultaneous change in the geometry of the cluster may result in a change of the degeneracy of the shells. In contrast to this description the small clusters can be considered as individual molecules with varying symmetries [ 7-9 1. The molecular orbitals are different for each cluster and a common pattern or a systematic development of the electronic structure with cluster size is not predictable.
Recently, quantum chemical ab initio calculations of the electronic structure of metal cluster anions up to n N 10, including a detailed analysis of the calculated electronic states have become available [ 7,10 1. In the present Letter, we will compare these exact cal- 
Experimental
The experimental apparatus is described in detail elsewhere [ 5 1. The anions are generated either by a laser vaporization source ( Ag, Au) or by a pulsed arc cluster ion source (PACIS) (Na, Cu). The PACIS design used for the generation of alkali clusters is similar to the one used for Ga, but all parts close to the discharge have been manufactured from molybdenum. The insulators are made of quartz-glass. The negatively charged clusters are directly generated in the source and cooled in a supersonic expansion. The vibrational temperature of Au2 has been determined from a high resolution spectrum to be 200+ 70 K [ 11,121. The temperature of the Na; clusters could not be directly determined, but the features in the spectra exhibit similar or smaller linewidths than in earlier experiments [ 31 using a continuous oven source.
The anions are accelerated by a pulsed electric field resulting in a mass separation due to their time-offlight. While passing the center of an electron spectrometer a selected bunch of anions is decelerated by a pulsed electric field and irradiated by a UV-laser pulse. The UV-laser pulse is generated using an excimerlaser (ArF, hv=6.42eV, 1 mJ/cm*; KrF, hv~5.0 eV, 10 mJ/cm2) or a Nd:YAG laser (3rd harmonic, hvz3.49 eV, 0.1 J/cm'; 4th harmonic, he4.66 eV, 0.1 J/cm2). The kinetic energy of the detached electrons is measured by a 'magnetic bottle'-type electron time-of-flight spectrometer [ 5 1. The energy resolution depends on the kinetic energy of the electrons and the velocity of the clusters (Doppler effect) and varies between 0.1 eV and 5 meV [ 121.
Results and discussion
The electronic shell model can only be applied to clusters of metals with highly delocalized valence electrons [ 61. This corresponds to a description of the bandstructure of the bulk metal by a dispersion curve E(k) similar to a free electron parabola. This is approximately valid for the alkali metals and the sderived density of states [ 13 ] of the coinage metals (Cu, Ag, Au). In all cases these s-derived states exhibit a strong s-p hybridization, which, however, does not significantly alter the degree of delocalization. The valence band of e.g. Na is mainly s-derived with a bandwidth of 3.5 eV and a work function of 2.3 eV. The s-derived states of Cu and Ag have a bandwidth of about 9.5 and 7.4 eV and a work function of 4.3 and 4.6 eV, respectively. For Cu, the total density of states is dominated by s-states up to 1.9 eV below the Fermi energy. For Ag, the d-derived states are located at about 2 eV higher BE with respect to Cu. Au is basically similar to Cu with a slightly higher work function of 4.8 eV and a larger influence of relativistic effects and a strong spin-orbit interaction. The spectra of the two tetramers are different, since their geometries are different. Naz is predicted to be linear [ 10 1, while As is probably a planar rhombus [ 7 1. Apart from these geometry-induced differences, the electronic structure of Ag and Na clusters is similar. In general, the features observed in the Na; spectra [ 3 ] are much broader than for Ag; . This has also been observed for larger clusters [ 3 ] of K; . The reason might be the fluxional character of these relatively weakly bound alkali clusters. Because much more detail can be observed in the Ag; spectra, we consider Ag as a model material for the study of the s-derived density of states in simple metals, with the restriction that the discussion is limited to excited states which are not more than about 4 eV above the neutral ground state. Fig. 2 displays a comparison of the spectra of As and Agfi with the corresponding data of Cu [ 141 and Au [ 15 1. The spectra of Cur and Cur3 are similar to the Ag data within a range of 2 eV above the neutral ground state, which is in agreement with the expectations derived from the discussion of the bulk electronic structure above. Beyond about 4.5 eV BE the Cu spectra are dominated by d-derived states. Aui and Au;; display a limited similarity to the corresponding data of Cu and Ag. In general, the spectra of the Au clusters [ 15 ] display many more features and tine structures than those of Cu and Ag. An assignment of these features is not possible at present. A reason for the complexity of the Au data is probably the strong spin-orbit interaction in these heavy atom clusters. The s-derived features also exhibit a spin-orbit splitting, because these states have a strong 6p admixture (s-p hybridization) [ I,15 1. HF-CI calculations [ 71 of the transitions observed in Ag; photoelectron spectra are available up to n = 9. A detailed comparison will be given elsewhere [ 16 1. In the present Letter, we will demonstrate the state of the analysis taking A& as an example. According to the calculations and our high-resolution vibrational data [ 121 As4 is a planar rhombus. The electronic ground state of the anion is 2B2U. The features observed in the spectrum displayed in Fig. 1 are assigned to transitions into the ground and excited electronic states of the neutral clusters ( '4, )Bi, *Big, . ..). In general, the assignments to the calculated transitions cannot be based on the BEs alone, because the calculated values differ in some cases by 0.1-0.3 eV from the experimentally determined ones. The assignments are supported, however, by the comparison [ 161 of spectra recorded at different photon energies and the comparison with the corresponding Cu data.
The calculated transition energies [ 71 and the experimental data [ 161 for y1= 2-9 are summarized in Fig. 3 . The available pairs of measured and calculated BEs of the ground state transition ( =vertical detachment energy) and the transitions into the first, second, third and fourth, excited states of the neutral cluster are displayed. The agreement between experiment and theory is almost perfect for n=2-6, whereas the patterns for AgK9 are slightly different. Despite the slight discrepancies the agreement between experiment and theory is reasonably good and,
Binding
Energy [eV] therefore, the electronic structure of these clusters (except Agi ) can be considered to be well described by the quantum chemical calculation. However, the pattern of various electronic states displayed in Fig. 3 does not reveal trends and similarities, which might be helpful in the understanding of the development of the electronic structure with increasing cluster size. In the following, we will try to identify similarities of the electronic structures of the Ag; clusters. For this purpose it is necessary, to represent each electronic state by a simplified and therefore less accurate pattern. The simplification will take place in two steps and will be illustrated for Ag .
The first step is the assignment of the features in the spectra to photoemission from occupied single particle orbitals in the anion. This is possible, if the involved electronic states can be represented by a configuration of single particle orbitals. E.g., the ground state 2B2U of the Ag4 has the configuration 4b:,b:,. The first excited state 3B,, of neutral A& has the configuration aib:,b&,. Since the two configurations differ by the lack of one electron in the b3, orbital only, the corresponding peak is assigned to direct photoemission from this orbital. However, these straight forward assignments are hampered by three effects, which have to be taken into consideration:
(1) Multiplet splitting. The second excited state 'B,, of A& has the same electronic occupation as the 3B1, state [ 71. The configuration has two unpaired electrons, which can combine to a singlet or a triplet state with a slightly different energy. Therefore, the photoemission from the b3,, orbital of As yields a doublet with a characteristic energy spacing and intensity ratio. The BE of such an orbital is usually taken as the 'center of gravity' of the two features [ 171. (2 ) Shake-up processes. There are various transi- tions into states, whose configurations differ from the ground state configuration of the anion by more than one electron. E.g., a possible configuration is ai b$, . A transition into this configuration involves two electrons: the photoemission of one of the electrons from the bS, orbital and the excitation of the other one into the bzu orbital.
3)+... .
As long as the factor A is close to 1 the state XYz is more or less correctly described by configuration is smaller than 50% and therefore the assignment of XYz to a single configuration is Number of Atoms n Fig. 5 . The detachment energies (DES) of the single particle orbitals extracted from the spectra for the Ag; cluster. If multiplets are observed, the 'center of gravity' of the two peaks is taken as the DE. The orbitals are assigned with increasing BE to the Is, lp,, lp,, lps, Id,, ldl, Ids, ldd, Ids, 2s, lf, subshells. For the clusters, where calculations am available, the symmetries of the shell model orbitals correspond to the symmetries of the exact single particle orbitals.
The detachment energies (DE) of the orbitals given in the figure correspond to the position of the features in the spectra. These DES do not correspond to the BEs of the calculated shells because of the relaxation. Therefore, the DES are significantly smaller than the BEs. Fig. 5 can be discussed in terms of the ellipsoidal shell model [ 6 1. Ag, is not spherical, but has an oblate shape with two p levels at low DE and one at high DE. A pronounced shell closing is observed at n = 17. The live Id levels are almost degenerate. We believe this cluster is the smallest one with an almost spherical geometry. At n = 19, a second shell closing corresponding to 20 electrons is expected [ 6 1. However, no degeneracy of the Id levels indicating a higher symmetry is observed. A possible explanation might be the tendency of a 19-atom cluster to assume a capped icosahedral shape corresponding to a prolate deformation.
Conclusion
A comparison of photoelectron spectra of Na;, Cu; , Ag; , and Au; clusters demonstrates the similarity of the low lying excited electronic states of Na; and Ag; clusters. Photoelectron spectra of Ag; clusters with n = 2-9 have been compared to HF-CI calculations [ 71 resulting in an exact assignment of almost all observed features to transitions from the anion ground state to various neutral electronic states.
Based on the calculations, in a first step of simplification the data are reassigned using the single particle approximation. Multiplet splitting, shake-up processes and configuration mixing are qualitatively considered. In a second step the single particle orbitals are compared to angular momentum eigenstates ( ~electronic shells). It is found, that the exact HF orbitals have the same symmetry as the shell model orbitals.
We found both theoretical approaches, the shell model [ 6 ] and the quantum chemical HF-CI scheme [ 7 1, to be equivalent in terms of the involved symmetries of the single particle orbitals. The quantum chemical calculations correspond to an exact quantitative description of the photoelectron spectra, while the shell model consideration yields a qualitative understanding of the development of the electronic structure with increasing cluster size. The two models do not necessarily contradict each other.
